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ABSTRACT 

High resolution spectropolarimetric observations of 3 sunspots taken with Hinode demonstrate the 
existence of supersonic downfLows at or close to the umbra-penumbra boundary which have not been 
reported before. These downflows are confined to large patches, usually encompassing bright penum- 
bral filaments, and have lifetimes of more than 14 hr. The presence of strong downflows in the 
center-side penumbra near the umbra rules out an association with the Evershed flow. Chromospheric 
filtergrams acquired close to the time of the spectropolarimetric measurements show large, strong, and 
long-lived brightenings in the neighborhood of the downflows. The photospheric intensity also exhibit 
persistent brightenings comparable to the quiet Sun. Interestingly, the orientation of the penumbral 
filaments at the site of the down flows is similar to that resulting from the reconnection process de- 
scribed bv lRvutova et all (|2QQ 8a). The existence of such downflows in the inner penumbra represents 
a challenge for numerical models of sunspots because they have to explain them in terms of physical 
processes likely affecting the chromosphere. 

Subject headings: Sun: magnetic fields — sunspots — techniques: polarimetric 



1. INTRODUCTION 



The Evershed flow (EF; lEvershedl Il909h is a well 
known phenomenon associated w ith the filame ntary 
structure of sunspot penumbrae (Solanki 2003, and 
references therein). The EF is observed as a shift 
of the spectral lines, due to a nearly horizontal, ra- 
dial outflow of plasma that starts as upflows in the 
deep layers of the inner penumbra ([Bellot Rubio et al. 
2006: IRimmele fc Marinol 2006: Fr anz fe Sc hlichen maier 



2009) and ends in a ring of downflow channels in the 



mid and outer penumbra (IWestend orp Plaza et al. 1997; 
Schlichenmaier fc Schmidtl 11999: MatheweLaU 2003; 



Bellot Rubio et al. I I2QQ3 iBorrero et al.ll2005h . The weak 



Evershed upflows in the inner penumbra are associ- 
ated with bright penumbral grains that migrate to- 
wards the umbra-penumbra bounda ry with speeds of w 
1 km s _1 ([Rimmele fc Mar ino 2006j) while individual ve- 
locity packets are observed to propagate towards the pe- 
riphery of the s unspot with velocities of 2-5.5 km s _1 
(Rimmele 1993 ) and vary on a time scale of 10-20 min 
(IRim mele 1994; S hine et a l. 1994; Rouppe van der Voortl 
120031 : iCabrera Solana et al.ll2007[ ). 

Apart from the EF, the penumbra harbors other 
ty pes of mass motions. Rec ent Hinode observations 
by iKatsukawa fc Jurcakl (|2010f ) have revealed localized 
downflows that do not appear to be related to the EF. 
These downflows, with velocities of up to 1 km s _1 , 
have a typical size of 0'/5. Some of them are seen 
to be co-spatial with Ca br i ghte nings in the chromo- 
sphere. IKatsukawa fc Ju~c ak (2010) pointed out that the 
downflowing areas have the same polarity as the parent 
sunspot and are unlikely to be the Evershed mass return- 
ing to the photosphere, which sometimes happe n s well 
within the penumbra dBellot Rubio et al.l 12004 120071 : 
iSainz Dalda fc Bellot R ubio 2008j). 
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In this paper we describe a new type of downflows 
that are observed close to or at the umbra-penumbra 
boundary and show supersonic velocities. They have 
the same polarity as the spot, occupy an area larger 
than 1.5 arcsec 2 , and occur along bright penumbral fil- 
aments. These properties are different from those of 
the radial Evershed flow an d the downflows reported by 
IKatsukawa fc Jurcakl (|2010f ). which indicates a different 
physical origin. The strong downflows we have detected 
possibly represent dynamic processes occurring in the 
penumbra whose manifestation is also seen in the over- 
lying chromosphere. 

2. OBSERVATIONS 

Spectro-polarimetric observations of NOAA AR 10923, 
10953 and 11029 were carried out usin g the Solar Optical 
Telescope (SOT; iTsuneta et al.l 12008) on board Hinode 
([Kosugi et al.ll2007h . on 2006 November 10, 2007 May 1 
and 2009 October 27 respectively. The sunspots were lo- 
cated at heliocentric angles of 50°, 8° and 43° as shown in 
Figu reU They were mapped by the spectro -polarimeter 
(SP; iLites et al.ll2001t llchimoto et~aTll2008D from 16:01 
UT to 17:25 UT, 21:00 UT to 22:24 UT and 14:45 UT 
to 15:15 UT respectively. At each slit position the four 
Stokes profiles of the neutral iron lines at 630 nm were 
recorded with a spectral sampling of 21.55 mA. While 
the first two ARs were scanned in the normal mapping 
mode with an exposure time of 4.8 s and a pixel size of 
/ /16, the fast mode was used to observe AR 11029 with 
exposure times of 1.6 s and a pixel size of / /32. The 
measurements were corrected for dark current, flat field, 
thermal flexures, and instrumental polarization using the 
Solar Soft package. The zero point of the velocity scale 
was set at the line core position of the average quiet Sun 
profile, determined considering all the pixels with polar- 
ization signals smaller than three times the noise level. 

G-band and Ca II H filtergrams acquired by he Broad- 
band Filter Imager (BFI) close to the SP scans were also 
employed. The filtergrams had a sampling of OZ'055, 
O/'ll and 0."11 and a cadence of 30 s, 1 min and 5 min 
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Fig. 1. — Sunpots studied in this paper. Top: continuum intensity maps constructed from the SP scans. The arrow points to disc center. 
Bottom: Enlargement of the regions marked by white-dashed squares in the top panels. The diamonds represent the pixels whose Stokes 
profiles are shown in Figure [3] 



respectively. These data were recorded from 13:00 to 
14:00 UT, 20:00 to 20:58 UT and 14:00 to 15:55 UT re- 
spectively. The Ca images were obtained simultaneously 
with the SP scans for AR 11029 while the time separa- 
tion between the Ca data set and the Stokes spectra for 
AR 10923 and 10953 were 3 hr and 1 hr respectively. 
The filtergrams were flat fielded and corrected for dark 
current and bad pixels. The analysis presented in this 
paper pertains to a small sub-region of the center-side 
penumbra as shown in the bottom panels of Figure [TJ 

3. RESULTS 
3.1. Supersonic Downflows 
3.1.1. Far Wing Magnetograms 

To identify sites with large velocities we construct mag- 
netograms in the far blue and red wings of the Stokes V 
profile, ± 34.4 pm from the center of the 63 .25 nm line. 
This method was applied bv llchimoto et all ([20071 ) to lo- 
cate the sources and sinks of the Evershed flow. The 
sunspots of all 3 ARs have negative polarity and the 
sign of the red wing magnetograms has been reversed 
to match that of the blue wing. 

The top and middle panels of Figure [2] display the red 
and blue wing magnetograms, both of which have been 
scaled identically. As is evident, the red wing magne- 
tograms show very strong signals while their blue coun- 
terparts do not. In AR 10923 we can see two distinct fila- 



mentary structures very close to one another, with Stokes 
V signals of about 9% (Figure [2j top left panel). The 
blue magnetogram of the same sub-region shows a sim- 
ilar (but weaker) isolated filamentary structure that lies 
very close to the umbra-penumbra boundary. Part of this 
feature is observed also in the red wing magnetogram (at 
the position of the diamond marked in Figure [2]) , which 
is indicative of strong magnetic fields. The extended fea- 
ture is also co-spatial with an extremely bright filament 
in the corresponding continuum image (Figured]). 

Two patches of very strong V signal, separated by ~3", 
are observed in the red wing magnetogram of AR 10953 
with one of them lying at the umbra-penumbra bound- 
ary. In AR 11029 there are two extended regions near 
the edge of the umbra, with strong V signals of up to 
20% of the continuum intensity. 

3.1.2. LOS Velocities from SIR 

While the far wing magnetograms are useful to locate 
pixels with large velocities, the actual magnitude cannot 
be quantified merely from the strength of the signals. In 
order to estimate the range of velocities present in those 
pixels, the observed Stokes profiles were subject to an in- 
version using the S IR code (Stokes Inversion based on Re - 
sponse Functions; iRuiz Cobo fc del Toro Iniestal fl992). 
The simplest model atmosphere was assumed wherein 
the vector magnetic field (field strength, inclination and 
azimuth) and LOS velocity were kept constant with 
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Fig. 2. Top: Red wing magnetograms constructed at +34.4 pm from the 6302. 5A line for NOAA ARs 10923, 10953 and 11029 (from 
left to right respectively). The sign of the signal has been reversed. Center: Blue wing magnetograms constructed at —34.4 pm from 
the 6302. 5A line. The numbers in the gray scale color bars are expressed in per cent. Bottom: LOS velocities derived from the SIR 
inversion. Positive velocities indicate downflows. The maps have been scaled individually. The diamonds represent pixels located in strong 
downflowing regions; their Stokes profiles are displayed in Figure [3] 



height, while the temperature was perturbed with 2 
nodes. The inversions also retrieved height-independent 
micro- and macro-turbulent velocities as well as the frac- 
tion of stray light in each pixel. 

The lower panels of Figure [2] depict the resulting LOS 
velocities for the 3 ARs. These values must be regarded 
as approximate since large gradients of the atmospheric 
parameters may exist along the LOS. The structure of 
the downflows is remarkably, but not surprisingly, simi- 
lar to that seen in the far red wing magnetograms. While 
strong downflows of ~5 km s _1 are observed in AR 



10923, one finds velocities of around 6 km s _1 and 10 
km s _1 in ARs 10953 and 11029 respectively. The strong 
downflowing zones are surrounded by upflows which can 
be identified with the Evershed flow. 

The majority of the Stokes V profile emerging from 
the downflows exhibit a satellite or even an additional 
red lobe. The Stokes / profiles also have highly inclined 
red wings, as illustrated in the top row of Figure [3] for 
the pixels marked with diamonds in Figure O In AR 
11029, some of the downflows exhibit strongly redshifted 
V profiles with large area asymmetries (bottom row of 
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Fig. 3. — Stokes profiles corresponding to the pixels marked in 
Figures [T] and [2] 




Fig. 4. — Continuum intensity contour of AR 10953 (black dot- 
ted lines). Black solid contours mark LOS velocities of 2.5 and 4 
km s — 1 . The thick line represents a cut across the strong down- 
flows at the umbra-penumbra boundary. The distance along the 
slit increases from left to right with the umbra-penumbra bound- 
ary being zero. Pixels to the left are negative. Ul, U2 - umbrae; 
LB - light bridge. 

Figure [3]). Upflows of about 2 km s _1 corresponding 
to the EF are seen adjacent to the strong downflowing 
patches in all 3 ARs. 

Figure S] shows a cut passing through the strong down- 
flowing patch located at the umbra-penumbra bound- 
ary of AR 10953. The variation of the Stokes profiles 
along this cut is displayed in Figure [5] (black lines). At 
the umbral edge and to the right, one observes a dis- 



tinct reduction in the continuum intensity. To the left 
of the umbra-penumbra boundary, the Stokes V profile 
has two distinct red lobes while the I profile exhibits 
highly inclined red wings. With five lobes, the Stokes 
Q profile is very asymmetric, 0'/32 beyond the edge of 
the umbra. The anomalous profiles lying to the left of 
the umbra-penumbra boundary were inverted using a 2 
component atmosphere and setting all parameters, ex- 
cept the temperature, to be constant with height in or- 
der to estimate the physical parameters more precisely. 
The highly inclined red wings of the Stokes I profiles as 
well as the double-red-lobed V profiles are well repro- 
duced by the simple two-component atmosphere (lines 
with black filled circles in Figure [5]). The transition from 
supersonic to nearly zero velocities along the cut can be 
seen in Figure [6l which shows that very large velocities 
nearly twice the sound speed occur adjacent /close to the 
umbra-penumbra boundary and measure ^7.2 km s _1 
at a distance of — / /64. At the umbral edge the faster 
component has a fill fraction of ~ 11% which increases 
with distance and beyond — / /64 fills more than 70% of 
the pixel. While the fast and slow components appear 
to differ by « 300 G the uncertainties in the retrieved 
parameters suggest that the magnitudes are nearly the 
same. Both components have field strengths in excess 
of 2.2 kG. The average zenith angle in the umbra is ~ 
143° and changes from 142±2° at the umbra penumbra 
boundary to 137±5° at —Of! 96 for the slow component. 
In comparison, the zenith angle of the fast component 
varies from 150±11° to 124±4° for the same spatial lo- 
cations. 

The typical area of one downflowing patch varies from 
1.6 arcsec 2 for AR 10953 to as large as 6 arcsec 2 as ob- 
served in AR 11029. The two components could reside 
side-by-side in the same resolution element or could be 
stacked one on top of the other in the vertical direction. 
Regardless of the exact configuration, supersonic veloci- 
ties exist in the presence of very strong magnetic fields. 
In addition, the polarity of the strong downflowing com- 
ponent is the same as that of the sunspot, which rules out 
the possibility of them being Evershed flows returning to 
the solar surface. The strong fields would also inhibit 
convection, hence the downflows appear to be unrelated 
to the Evershed phenomenon and are likely to be caused 
by an alternative mechanism. 

3.2. Chromo spheric Activity 

Figure [71 depicts Ca II H filtergrams taken close to or 
during the time of the SP scans for the 3 ARs. In AR 
10923, one can identify penumbral microjets (MJ) as well 
as brightness enhancements (BE) in the vicinity of the 
strong dow nflowing; areas. The je t is the one shown in 
Figure 4 of iRvutova et al.1 (|200 8b). It is oriented nearly 
perpendicular to the filament, while the brighteness en- 
hancements appear as isolated zones on the filaments. 
These BEs are ~ 77% bright er than the jets, whic h ap- 
pear to be in the decay phase ([Rvutova et a l. 2008b). We 
will hereafter refer to the brightness enhancements and 
microjets as BEs and MJs respectively. 

AR 10953 shows a very strong enhancement (BE) in 
between the two downflowing patches that is twice as 
intense as the neighbouring penumbra. Narrow, thread 
like structures (UT) of reduced intensity in the umbra 
are observed to connect to the nearby light bridge. 
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Fig. 5. — Observed (black) and best-fit (black filled circles) Stokes profiles along the cut marked in Figure 5. From top to bottom: Stokes 
I, V, Q and U. 



Ca filtergrams with a cadence of 5 min taken simulta- 
neously with the SP scan for AR 11029 exhibit an intense 
brightening at the umbra-penumbra boundary within 
one of the strong velocity patches. Even stronger bright- 
enings are seen close to the outer penumbral boundary 
that lie at the rear end of the extended downflowing 
patch. A relatively weaker brightening is seen in the 
other velocity patch and occupies a much smaller area. 
These enhancements are ~ 50 and 15% brighter than the 
adjacent penumbral filaments. 

While Figure [7] shows single chromospheric snapshots 
highlighting the proximity of the downflows and the chro- 
mospheric enhancements, it does not provide information 
about whether the spatial correspondence between the 
two endures with time. In order to separate the short 
lived enhancements from the persistent ones, event maps 
were constructed from the time sequence of Ca filter- 



grams acquired before/during the SP scans in the follow- 
ing manner. First, a small quiet Sun region was selected 
to determine the time averaged chromospheric intensity 
for each of the sequences. This value was then used to 
normalize the intensity of the individual filtergrams. A 
histogram of the intensities in the AR was derived to 
determine a suitable threshold value. From the trailing 
part of the histogram, threshold values of 0.9, 1.0 and 2.0 
were chosen for the three ARs respectively. Using these 
values, a binary image was created for each individual 
image in the time sequence, where all pixels with an in- 
tensity above the threshold were set to one and the rest to 
zero. The binary maps were then added in time, yielding 
at the end, a map with pixels having values indicating 
the number of chromospheric events. The resulting event 
maps are shown in Figure [U 
The map constructed for AR 10923 displays two large 
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Fig. 6. — Variation of LOS velocity along the cut displayed in 
Figure 4, as resulting from an inversion of the observed Stokes 
profiles. The pixels left of the umbra-penumbra boundary were 
inverted using a two-component model atmosphere. The diamonds 
and asterisks represent the slow and fast component, respectively. 
The error bars correspond to ± 1 sigma. The dashed line shows 
the normalized continuum intensity along the slit. The numbers 
below the upper x-axis represent the filling fraction of the faster 
moving component. 

patches on the penumbral filaments at the site of the 
downflows. They are labeled as BE in the top panel of 
Figure [71 The counts at those locations indicate that 
brightness enhancements persisted for nearly one-third 
of the 1 hr sequence. There are no obvious signatures of 
the MJs, reflecting the transient nature and weakness of 
these events. 

The strongest and long-lived chromospheric brighten- 
ings observed in AR 10953 are confined to a region be- 
tween the two downflowing patches. AR 10953 produced 
several chromos pheric enhancements from April 29 to th e 
end of May 1 (jLouis et al.l 120081 : iShimizu et aTll2009D . 
Some of them were co-spatial with supersonic downflows 
observed in the light bridge n early 10 hours ea rlier than 
the downflows reported here (|Louis et al.l 12009). 

The bottom panel of Figure [8] shows the event map 
corresponding to AR 11029. The Ca filtergrams were 
acquired during the SP scan with a low cadence of 5 
min. Here the strong and persistent enhancements at 
the umbra-penumbra boundary are co-spatial with the 
largest photospheric downflows. Similar brightenings are 
seen along the edges of the downflowing regions near 
the outer penumbral boundary. A relatively shorter but 
stronger event is observed in the other downflowing zone 
(black arrow in bottom panel of Figure [8]) • Several small 
C class flares were detected in NOAA AR 11029 during 
its passage on the solar disk from October 25 to October 
28. 

The chromospheric brightenings associated with strong 
downflowing patches near the umbra/penumbra bound- 
ary are more intense, persist in time and occupy a 
large area than the pen umbral micro jets discovered by 
iKatsukawa et al.l (|2007f ). Microjets are transient events 
seen everywhere in the chromosphere of sunspot penum- 
brae, with lifetimes of 1 min or less. They show typical 
widths of 400 km and lengths varying from 1000 to 4000 
km. In contrast, our events have areas of 1-2 arcsec 2 
and appear as blobs or patches. Their lifetimes are sig- 
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Fig. 7. — Ca il H filtergrams acquired close to the time of the 
SP scans. Blue contours of LOS velocity greater than 2 km s — 1 
have been overlaid on the filtergrams. The white dashed contour 
corresponds to the continuum intensity at 630 nm. BE - bright- 
ness enhancement; MJ - penumbral mircrojet; UT - bright umbral 
thread. 

nificantly longer than 1 min. 

3.3. Photospheric Brightness 

In order to ascertain if the downflows are associated 
with long lived photospheric brightenings, G-band event 
maps were constructed as described in the previous sec- 
tion. The same procedure was adopted, setting threshold 
values of 0.85, 0.9 and 0.95 of the quiet Sun intensity for 
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Fig. 8. — Ca event maps depicting locations with strong, persis- 
tent enhancements. The images have been scaled as shown by the 
vertical color bar. The black arrows indicate relatively short lived 
events. See text for details. 

the 3 ARs. Figure [9] displays the G-band event maps de- 
rived using these threshold values. The strong, long lived 
chromospheric enhancements that were seen in AR 10923 
are nearly co-spatial with G-band brightenings, although 
the sizes of the photospheric enhancements are relatively 
smaller than their chromospheric counterparts. 

The G-band event map of AR 10953 consists of a sin- 
gle isolated blob close to the southern edge of the strong 
downflowing patch located near the umbra-penumbra 
boundary. This blob resembles a comet-like shape with 
the tail end protruding into the nearby light bridge. Rel- 
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Fig. 9. — G-band event maps depicting locations with intensity 
close to the quiet Sun photosphere. The black arrows in the bottom 
panel indicate the few strong photospheric brightenings that lie 
within the downflowing patches. 

atively fewer, though stronger events are also observed 
in between the two downflowing patches as well as close 
to the downflow area located furthest from the umbra- 
penumbra boundary. 

In comparison to ARs 10923 and 10953, the photo- 
spheric event map of AR 11029 only shows traces of 
strong intensity in the downflowing areas at sporadic in- 
stances (see black arrows in the bottom panel of Fig- 
ure 0) If one assumes that the number of photospheric 
counts/events observed within the downflowing areas of 
AR 11029 occurred consecutively, the maximum lifetime 
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Fig. 10. — Temporal evolution of the strong downflows observed in AR 10953, with continuum images to the left and red wing 
magnetograms to the right. The date and time of the SP scan is indicated in each panel. All the magnetograms have been scaled identically 
and are given in per cent. The minimum value in the color bar has been clipped for better visibility of the downflowing regions. Each 
tickmark in the image corresponds to (y/5. The white arrow indicates a location corresponding to the downflows that was tracked in the 
magnetogram time sequence. 



of these events would be equivalent to 35-40 minutes, 
since the filtergrams were acquired with a cadence of 5 
min. In contrast, the lifetimes of similar brightenings in 
the other ARs is close to 1 hr. 

The G-band event maps suggest that the process re- 
sponsible for the supersonic downflows and the chro- 
mospheric enhancements is able to produce very strong 
brightenings in the photosphere that are nearly as intense 
as the quiet Sun but are also long lasting with lifetimes 
of up to 1 hr. Bright penumbral features close to the 
umbra-penumbra boundary with intensitie s nearly twice 
that o f the quiet Sun have been detected bv Denker et all 
(|2QQ8h who speculate that these intermittent phenomena 
may be the outcome of reconnect ion between adjacent 
penumbral flux tubes. 

3.4. Temporal Evolution of the Downflows 

In this section we study the evolution of the downflows 
in order to determine their lifetimes and to establish if 
they recur or change their position relative to the umbra- 
penumbra boundary. To that end, 5 additional data sets 
were selected for AR 10953 and 3 for AR 11029. AR 
10923 is not considered here because only 2 more scans 
were available for analysis. All the observations were cal- 



ibrated as explained in Section [2j constructing red wing 
magnetograms at 34.4 pm from the 6302. 5 A line to iden- 
tify the sites of strong downflows. In accordance with 
Figure O the sign of the red wing magnetogram has been 
reversed. 

3.4.1. NO A A AR 10953 

The evolution of AR 10953 over the course of 14 hr 
from May 1 to May 2 is depicted in Figure [TUJ The 
continuum images and the red wing magnetograms were 
co-aligned with the scan taken at 21:57-22:06 UT with an 
accuracy of ±1 pixel. The white arrow tracks the same 
downflowing region in time. The magnetogram signal at 
the position of the arrow is maximum (~10%) during the 
first scan, taken at 14:22-14:25 UT. In the second scan 
the signal drops to nearly half this value before increas- 
ing to ^8% at 19:52-1955 UT. However, there are even 
stronger signals at the umbra-penumbra boundary where 
the amplitude of the magnetogram signal is ~12%. This 
is nearly twice the signal detected in the next frame, 
which was analyzed earlier in Section 13.1.11 The scan 
made by the SP between 00:36-00:40 UT shows 3 isolated 
downflowing patches with one of them located at the 
umbra-penumbra boundary and a second stronger down- 
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Fig. 11. — Same as Figure fTOl for AR 11029. Each tickmark in the images corresponds to \" . The black arrow in the bottom panels 
indicate the location of the isolated downflowing patch close to the diffuse umbral fragment. 



flow area 5" away from the first. A third patch of down- 
flows with much weaker signals is seen at a larger distance 
from the umbra-penumbra boundary. The last magne- 
togram, corresponding to 04:21-04:24 UT, shows diffuse 
signals of up to 5% at the umbra-penumbra boundary. 

The time sequence of magnetograms illustrates the fol- 
lowing: i) the strong downflows occurring at the umbra- 
penumbra boundary continue to be seen at this location 
in all 6 SP scans considered here, albeit with varying 
strength, which would put a lower limit of about 14 hr 
on their lifetimes; ii) the area of the strong downflowing 
patches at the umbra-penumbra boundary alone remains 
fairly constant (~2 arcsec 2 ) during the latter half of the 
sequence from 21:57-04:24 UT. 

3.4.2. NOAA AR 11029 

The continuum images and the red wing magne- 
tograms of AR 11029 were registered with the SP fast- 
mode map taken at 15:01-15:06 UT. The strong down- 
flows observed at the umbra-penumbra boundary during 
this time interval (top right panel of Figure [TT]) can be 
seen in the following scan between 17:01-17:06 UT, nearly 
2 hr later. The topmost downflowing zone is no longer 
visible, but the other velocity patch remains at the same 
location. This strong downflowing blob (indicated by the 
white arrow in the first scan) appears to rapidly ingress 
towards the umbra-penumbra boundary with a speed of 
some 700 m s _1 . 

The scan taken between 19:01-19:06 UT demonstrates 
an intrusion of bright photospheric granules into the 
spot, with the umbra slowly being squeezed to occupy 
a much smaller area as depicted in the continuum image. 
The downflows continue to be observed near the shrink- 
ing umbral fragment. The scan made during 21:36-21:41 
UT reveals a drastic shrinkage of the umbra with only a 
small area of strong downflows that appear close to where 
the umbra existed earlier (black arrow in the continuum 
image of Figure [TT]). In comparison to AR 10953, the 



area of the downflowing patch near the umbra-penumbra 
boundary decreases with time. While the downflows oc- 
cupy an area as large as 6 arcsec 2 at 15:01 UT, this de- 
creases to ^2.3 arcsec 2 by 21:36 UT. Common character- 
istics of the downflows observed in ARs 10953 and 11029 
are their lifetimes of more than 6 hr and the fact that 
the long-lived ones appear to be located near the umbra- 
penumbra boundary. The more short-lived downflows 
are observed elsewhere in the ARs. 



4. DISCUSSION 

Supersonic downflows associated with the Ever- 
shed flow are usually obse r ved in the outer penum- 
bra (|del Toro Iniesta et al.l l2001l : iBellot Rubio et al.l 
2004) or even b eyond the sunspot boundary 
(|Martmez Pillet et all I2009D . These downflows rep- 
resent mass flux returning to the photosphere with 
a polarity opposite to that of the sunspot. As they 
are seen in the outer penumbra they cannot explain 
the strong downflows we have detected in the inner 
penumbra. One could suppose that the supersonic 
downflows near the umbra-penumbra boundary are the 
photospheric manifestations of some kind of inverse 
Ever shed flow seen in the chromosphere. However, 
it is difficult to ascertain how such a chromospheric 
phenomenon could produce supersonic downflows in the 
inner penumbra at the photosphere. 

Another mechanism that could perhaps explain the su- 
personic downflows is suggested below based on the ori- 
entation of the filaments in which they occ ur. The con- 
tinuu m images were morphologically opened (|Curto et al.l 
2008) and subtracted from their original image in or- 
der to increase the contrast and isolate bright structures 
from the dark background, filament crossings, and diffuse 
edges. Opening is the result of two operations namely 
erosion followed by dilation. These two operators look 
for the neighborhood minimum and maximum where the 
search domain is defined by a structuring element (SE). 
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Fig. 12. — Morphologically opened images subtracted from the 
original image to separate bright filaments from the dark back- 
ground, filament crossings, and edges. The images are shown in 
negative. The dark and bright structures correspond to the bright 
filaments and their diffuse counterparts, respectively. The blue 
arrows indicate locations where the filaments appear to intersect 
each other. PI and P2 are the two interacting filaments that were 
identified in NOAA AR 10923. The solid green lines refer to the 
bisecting angles between the filaments PI and P2. The red dotted 
contour has been drawn for LOS velocities greater than 2 km s -1 . 



The size of the SE used for opening the images was 7x7 
pixels for the first two ARs while a 3 x 3 pixel SE was 
sufficient for AR 11029. The above morphological oper- 
ation was chosen after discarding the Sobel and Roberts 
edge enhancement operator, unsharp masking, and in- 
tensity thresholding. The results are shown in Figure [12] 
with reversed signs. It is observed that in NOAA AR 
10923, the strong downflows encompass two bisecting fil- 
aments PI and P2 and their likely point of intersection 
is marked by a blue arrow. Such locations have been 
similarly marked for the other ARs, although they are 
less obvious. The orientation of the filaments resemble 
the p ost reconnection config uration illustrated in Figure 
5c of lRvut ova et all (|2008af ). suggesting that the origin 
of the downflows is the slingshot effect associated with 
the reconnection of the filaments. The bisecting angles 
shown by the solid green lines in AR 10923 were esti- 
mated to be ~ 51° and 46° respectively. In AR 10953 
only one half of the intersecting filaments are visible, with 
t he other end is possibly obscured by overlying filaments. 

iRvutova et al.l (|2008al ) identified several instances of 
filaments unwinding in a cork screw fashion leading to 
reconnection, transient brightenings and twists in the 
penumbral filaments. This model was proposed as a pos- 
sible mechanism to explain the existence of MJs. The 
magnetic configuration in the penu mbra responsib le for 
the MJs was recently investigated bv lMagaral |2010). Ac- 
cording to this work, MJs occur in the intermediate re- 
gion between nearly horizontal flux tubes and the rel- 
atively vertical background field of the penumbra. A 
common aspect of both models is that only parts and 
not the entire penumbral filament participate in the re- 
connection, otherwise the filaments would be destroyed 
after several reconnection events. 

We have detected chromospheric enhancements at the 
position of the strong downflows, although there is no 
strict one-to-one correspondence. In the downflowing re- 
gions or in their immediate vicinity there are also photo- 
spheric brightenings, with intensities nearly the same as 
the quiet Sun. This leads us to believe that a slingshot 
reconnection may be responsible for the chromospheric 
enhancements/jets, the photospheric brightenings, and 
the supersonic downflows. However, the physical process 
is different from those driving MJs, since their lifetimes 
are much shorter than those of the events described here. 
While the lack of association of the strong downflows at 
the umbra-penumbra boundary with the Evershed flow 
is incontrovertible, the reconnection scenario has to be 
confirmed with simultaneous high-cadence spectropolari- 
metric scans of the photosphere. 

5. SUMMARY 

High resolution spectropolarimetric observations of 3 
sunspots taken with Hinode indicate a new type of strong 
downflows in the inner penumbra. Such downflows are 
confined to isolated patches of 1.5-6 arcsec 2 in area. The 
LOS velocities were estimated using the SIR inversion 
code, retrieving supersonic or nearly supersonic values 
from 5 km s _1 to 10 km s _1 in the downflowing patches 
of all three ARs. The velocity patches occur very close to 
or at the umbra-penumbra boundary, which makes them 
the largest velocities ever detect ed at these locations in 
a sunspot. IShimizu et al.l (|2008[ ). on the other hand, re- 
ported frequent instances of supersonic downflows at the 
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border of an umbra without a penumbra. 

The strong velocities are usually associated with mag- 
netic fields of more than 2 kG having the same polarity 
as the sunspot. This implies that the downflows are not 
driven by the Evershed flow, although the latter could 
independently be present at those locations. Intense and 
long lived chromospheric brightenings are seen near the 
strong photospheric downflows extending over an area of 
w 1-2 arcsec 2 . Photospheric brightenings nearly as in- 
tense as the quiet Sun are also present in the downflow- 
ing regions or close to them. They are persistent as their 
chromospheric counterparts. In addition, the downflows 
may have lifetimes of up to 14 hr (or more) as can be 
judged from several consecutive Hinode/SP scans. 

The strong downflows are associated with penumbral 
filaments t hat appear to be twis ted in the manner de- 
scribed by iRvutova et al.l (|2QQ8bl ) that would arise from 
a reconnection process. Such a process is believed to 
produce the transient penumbral microjets. Microjets 
occur everywhere in the penumbra and the photospheric 
downflows obse rved with them are typicall y 1 km s _1 , 
as reported by iKatsukawa fc Jurca k (2010). The chro- 
mospheric brightenings described in Section 13^21 however , 
are more intense, long lived and bigger than the microjets 
but neither as intense nor intermittent as a flare. 

The long-lived downflows reported here are not ob- 
served in all ARs as is evident from an inspection of the 

3 See http://www.lrnsal.com/solarsoft/data/hinode/sot/levelld 
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